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Abstract 
0DJQHWLFDOO\OHYLWDWHGFDUU\LQJV\VWHPKDVEHHQGHYHORSHG,QWKLVV\VWHPSLQQLQJIRUFHRIKLJKWHPSHUDWXUHEXONVXSHUFRQGXFWRU
+76&LVXVHGIRUWKHOHYLWDWLRQDQGJXLGDQFH7KHPDJQHWLFUDLOLVVHWRQWKHJURXQGDQGIOX[IURPWKHPDJQHWLFUDLOLVSLQQHGE\
+76&V7RLQFUHDVHOHYLWDWLRQIRUFHUHSXOVLYHIRUFHRIWKHSHUPDQHQWPDJQHWLVXVHG)RUWKHSURSXOVLRQV\VWHPHOHFWURPDJQHWV
DUHLQVWDOOHGRQWKHVXUIDFHRIWKHPDJQHWLFUDLO,PSURYHPHQWRIWKHSURSXOVLRQIRUFHLVVWXGLHG,QWKHSUHYLRXVV\VWHPRQO\IOX[RI
WKHSHUPDQHQWPDJQHWRIWKHFDUULHULVXVHGIRUSURSXOVLRQ7RLQFUHDVHSURSXOVLRQIRUFHWKDWRIWKH+76&RIWKHFDUULHULVDOVRXVHG
8VLQJWKLVH[FLWDWLRQPHWKRGWKHSURSXOVLRQIRUFHLVLPSURYHGHYHQWKRXJKWRWDOQXPEHURIWKHH[FLWHGFRLOLVWKHVDPH

3XEOLVKHGE\(OVHYLHU/WG6HOHFWLRQDQGRUSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI,663URJUDP&RPPLWWHH

.H\ZRUG0DJQHWLFOHYLWDWLRQ3LQQLQJIRUFH+\EULGV\VWHP3HUPDQHQWPDJQHW
1. Introduction 
,QFRQYHQWLRQDOWUDQVSRUWDWLRQV\VWHPVSHULRGLFPDLQWHQDQFHLVQHHGHGEHFDXVHWKHUHLVIULFWLRQLQWKHPHFKDQLFDO
FRQWDFW SDUW >@2Q WKHRWKHU KDQGPDJQHWLFDOO\ OHYLWDWHG WUDQVSRUWDWLRQ V\VWHPV UHDOL]H FRQWDFWOHVV WUDQVSRUWDWLRQ
DQGV\VWHPZLWKRXWPDLQWHQDQFH8VXDOO\RQO\SLQQLQJIRUFHRIWKH+76&LVXVHGIRUOHYLWDWLRQ>@%XWUHSXOVLYHIRUFH
RI WKH SHUPDQHQW PDJQHW KDV DQ DGYDQWDJH RI JHQHUDWLQJ ODUJH IRUFH ZLWKRXW SRZHU DQG FRQWURO 7KXV ZH KDYH
GHYHORSHGWKHSHUPDQHQWPDJQHW+76&K\EULGPDJQHWLFDOO\OHYLWDWHGFRQYH\DQFHV\VWHP>@7KHUHSXOVLYHIRUFH
RIWKHSHUPDQHQWPDJQHWLVVWDEOHLQWKHOHYLWDWLRQGLUHFWLRQ+RZHYHULQWKHJXLGDQFHGLUHFWLRQODUJHXQVWDEOHIRUFH
RFFXUV 7KH SLQQLQJ IRUFH RI KLJK WHPSHUDWXUH EXON VXSHUFRQGXFWRU +76& LV XVHG IRU WKH VWDEOH OHYLWDWLRQ DQG
JXLGDQFHRIWKHFDUULHUZLWKRXWFRQWUROGHYLFHV7KHSLQQLQJIRUFHLVFKDQJHGE\IOX[ZKLFKSDVVHVWKURXJKWKH+76&
VR WKDWVWDELOLW\ LV LQFUHDVHGDWVPDOOHU OHYLWDWLRQJDSEHWZHHQ WKHFDUULHUDQGPDJQHWLF UDLO7KHSHUPDQHQWPDJQHW
+76&K\EULGPDJQHWLFDOO\OHYLWDWHGFRQYH\DQFHV\VWHPLVPDGHHIIHFWLYHXVHRIWKHVHOHYLWDWLRQPHWKRGV7KLVV\VWHP
QHHGVQRFRQWUROV\VWHPIRUWKHOHYLWDWLRQDQGWKHJXLGDQFHRIWKHFDUULHUDQGODUJHORDGZHLJKWLVJLYHQ$OWKRXJKWKLV
V\VWHPUHDOL]HVSURSXOVLRQZLWKVWDEOHOHYLWDWLRQDQGJXLGDQFHPRUHSURSXOVLRQYHORFLW\DQGHIILFLHQF\LVQHHGHG,Q
WKLV SDSHU SURSXOVLRQ V\VWHP LV VWXGLHG ,Q WKH SUHYLRXV UHVHDUFK SURSXOVLRQ XVLQJ WKH IOX[ RI WKH+76&GRHV QRW
ZRUNZHOO ,Q WKLV SDSHU WKHFRQWUROPHWKRGRI WKHSURSXOVLRQ V\VWHP LV LPSURYHG$OVR WKH FRQWUROPHWKRGRI WKH
UXQQLQJYHORFLW\RIWKHFRQYH\DQFHV\VWHPLVVKRZQ
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2. The experimental device and the propulsion method 
7KHH[SHULPHQWDOGHYLFHLVVKRZQLQ)LJ>@7KLVV\VWHPFRQVLVWVRIWKUHHSDUWVWKHFDUULHUIUDPHWKHORDGVWDJH
DQGWKHPDJQHWLFUDLO7ZRPDJQHWLFUDLOVDUHVHWRQWKHJURXQGLQSDUDOOHO7KLVUDLOLVPDGHRIWKHQHRG\PLXPW\SH
SHUPDQHQWPDJQHW7KHIOX[GHQVLW\RIWKLVUDLOLVXQLIRUPLQ[D[LVGLUHFWLRQ7KHFDUULHUOHYLWDWHVDQGPRYHVDERYH
WKHPDJQHWLFUDLO7KHFDUULHUIUDPHLVOHYLWDWHGDQGJXLGHGE\SLQQLQJIRUFHRIWKH+76&DQGWKHORDGVWDJHRQWKH
FDUULHULVOHYLWDWHGE\UHSXOVLYHIRUFHRIWKHSHUPDQHQWPDJQHW)RXU+76&VRQWKHFDUULHUIUDPHSLQWKHIOX[IURPWKH
PDJQHWLFUDLODQGWKHSLQQLQJIRUFHLVREWDLQHG7KHORDGVWDJHLVFRQQHFWHGWRWKHFDUULHUIUDPHE\ WKHOLQHUZD\V
DQGPRYHVRQO\IRUYHUWLFDOGLUHFWLRQZLWKOLWWOHIULFWLRQ7KHORDGZHLJKWLVSXWRQWKHORDGVWDJHDQGVXSSRUWHGE\WKH
UHSXOVLYH IRUFH EHWZHHQ WKH SHUPDQHQW PDJQHW XQGHU WKH ORDG VWDJH DQG WKH PDJQHWLF UDLO:KHQ WKH ORDG ZHLJKW
EHFRPHV KHDYLHU YHUWLFDO SRVLWLRQ RI WKH ORDG VWDJH JRHV GRZQ WR WKH UDLO 7KHQ WKH UHSXOVLYH IRUFH LQFUHDVHV DQG
EDODQFHVZLWKWKHORDGZHLJKW%HFDXVHWKHORDGZHLJKWGRHVQRWSXWGLUHFWO\RQWKHFDUULHUIUDPHDLUJDSRIWKHFDUULHU
IUDPH LV QRW FKDQJHG 7KH SLQQLQJ IRUFH DOVR VXSSRUWV XQVWDEOH ODWHUDO IRUFH JHQHUDWHG E\ WKH UHSXOVLYH IRUFH RI
SHUPDQHQWPDJQHWV 7KH SURSXOVLRQPHWKRG LV VKRZQ LQ )LJ  (OHFWURPDJQHWV DUH LQVWDOOHG RQ WKH VXUIDFH RI WKH
PDJQHWLFUDLODQGWKHLQWHUDFWLRQEHWZHHQWKHHOHFWURPDJQHWDQGWKHSHUPDQHQWPDJQHWXQGHUWKHORDGVWDJHJHQHUDWHV
WKHSURSXOVLRQIRUFH7KHSRVLWLRQRIWKHFDUULHULVGHWHFWHGE\WKHSKRWRVHQVRULQVWDOOHGLQSDUDOOHOWRWKHUDLODWUHJXODU
LQWHUYDOVDQGFXUUHQWRIWKHSURSXOVLRQFRLOLVFRQWUROOHGE\WKH3&7KHH[FLWDWLRQPHWKRGIRUSURSXOVLRQLVVKRZQLQ
)LJ)LJDVKRZVSHUPDQHQWPDJQHW30H[FLWHGPHWKRG7KHHOHFWURPDJQHWVQHDUWKHSHUPDQHQWPDJQHWXQGHU
WKH ORDG VWDJHDUHH[FLWHG)LJ E VKRZV WKHFRQYHQWLRQDO+76&30H[FLWHGPHWKRG7KHHOHFWURPDJQHWVRQ WKH
PDJQHWLFUDLOQHDUWKH+76&DQGWKHSHUPDQHQWPDJQHWXQGHUWKHORDGVWDJHDUHH[FLWHG)LJFVKRZVWKHLPSURYHG
+76&30H[FLWHGPHWKRG7KHH[FLWHGHOHFWURPDJQHWIRUWKH+76&LVFKDQJHG&KDUDFWHULVWLFRIWKHORDGZHLJKWRQ
WKHSURSXOVLRQIRUFHLVVKRZQLQ)LJ7KHORDGFHOOLVFRQQHFWHGWRWKHFDUULHUIUDPHDQGWKHSURSXOVLRQIRUFHZKHQ
HOHFWURPDJQHWV DUH H[FLWHG LVPHDVXUHG 7KH H[FLWLQJ FXUUHQW ,  >$@ WKH ORDGZHLJKW)/ a >1@ DQG
OHYLWDWLRQ JDS J   >PP@ 7KH YDOXH DW WKH SRVLWLRQ ZKHQ WKH SURSXOVLRQ IRUFH VKRZV PD[LPXP RQH LV VKRZQ
%HFDXVHRIWKHZHLJKWRIWKHORDGVWDJHLV>1@PLQLPXPORDGZHLJKWLV>1@7KHDLUJDSEHWZHHQSHUPDQHQW
PDJQHWXQGHUWKHORDGVWDJHDQGHOHFWURPDJQHWVRQWKHUDLOEHFRPHVVPDOOHUDWKHDYLHU ORDGZHLJKW$VDUHVXOW WKH
HIIHFW RI WKH HOHFWURPDJQHW EHFRPHV ODUJHU DW ODUJHU ORDGZHLJKW 3URSXOVLRQ IRUFH LV GHILOHG DV)[ /RDGZHLJKW LV
GHILOHGDV)
)LJ([SHULPHQWDOGHYLFH)LJ3URSXOVLRQPHWKRG
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3. Results 
3URSXOVLRQIRUFHFKDUDFWHULVWLFVDUHVKRZQLQ)LJ5HVXOWVLQFDVHRISHUPDQHQWPDJQHWH[FLWHGWKHFRQYHQWLRQDO
+76&30H[FLWHGDQGWKHLPSURYHG+76&30H[FLWHGDUHVKRZQ7KHLQIOXHQFHRIWKHHOHFWURPDJQHWEHFRPHVODUJHU
DW ODUJHU ORDGZHLJKW EHFDXVH WKH GLVWDQFH RI SHUPDQHQWPDJQHW XQGHU WKH ORDG VWDJH DQG DPDJQHWLF UDLO EHFRPHV
VPDOO,QWKHFRQYHQWLRQDOPHWKRGJUDGLHQWRIWKHFDUULHU LVXVHGWRJHQHUDWHSURSXOVLRQIRUFH,QWKHLPSURYHGRQH
SULQFLSOH RI WKH VWHS OLQHDU PRWRU LV XVHG WR JHQHUDWH SURSXOVLRQ IRUFH $OWKRXJK WKH QXPEHU RI WKH H[FLWHG
HOHFWURPDJQHWVLQWKHLPSURYHG+76&30H[FLWHGLVVPDOOHUWKDQWKDWLQWKHFRQYHQWLRQDORQH)[EHFRPHVODUJHUDW
DOOORDGZHLJKW











)LJ5XQQLQJIRUFHFKDUDFWHULVWLFV

5XQQLQJFKDUDFWHULVWLFVRIWKHFDUULHUDUHGLVFXVVHG7KHH[SHULPHQWPHWKRGRIWKHUXQQLQJYHORFLW\FKDUDFWHULVWLFLV
VKRZQLQ)LJ:KHQWKHFDUULHUSDVVHVDSKRWRVHQVRUWKHSDVVDJHWLPHLVPHDVXUHG7KHQWKHUXQQLQJYHORFLW\LV
FDOFXODWHG:KHQWKHFDUULHUSDVVHVDSKRWRVHQVRUWKHVXLWDEOHHOHFWURPDJQHWLVPDJQHWL]HGDQGSURSXOVLRQIRUFHLV
REWDLQHG7KHGLVWDQFHDPRQJWKHHDFKSKRWRJUDSKVHQVRULV>PP@7KHOHQJWKRIWKHUXQQLQJUHJLRQRIFDUULHULV
>PP@7KHH[FLWLQJFXUUHQW, >$@ORDG) a>1@DQGJDSJ >PP@7LPHRIDUULYDOLVGHILQHGDV7D
5XQQLQJYHORFLW\LVGHILOHGDV90D[LPXPUXQQLQJYHORFLW\LVGHILQHGDV9PD[

)LJ([SHULPHQWPHWKRGRISURSXOVLRQYHORFLW\FKDUDFWHULVWLFV
5HVXOWVRIUXQQLQJYHORFLW\FKDUDFWHULVWLFVDUHVKRZQLQ)LJ5HVXOWVZLWKWKUHHORDGZHLJKWDQG
>1@DUHVKRZQ,QFDVHRI30H[FLWHGLQFUHPHQWRI9PD[DQG7DZDVREVHUYHGDWODUJHUORDGZHLJKW7KHLQIOXHQFHRI
WKH PDJQHWLF VORSH FDXVHG E\ WKH HOHFWURPDJQHW EHFRPHV VWURQJ DW ODUJHU ORDG ZHLJKW EHFDXVH WKH GLVWDQFH RI
SHUPDQHQWPDJQHWXQGHUWKHORDGVWDJHDQGDPDJQHWLFUDLOEHFRPHVVPDOO,QFDVHRILPSURYHG+76&30H[FLWHG
WKH LQFUHPHQW RI UXQQLQJ YHORFLW\ DQG 7D LV REVHUYHG DW ODUJHU ORDG ZHLJKW +RZHYHU LQ WKH LPSURYHG+76&30
H[FLWHGLQIOXHQFHRIWKHORDGZHLJKWRQWKHUXQQLQJYHORFLW\LVVPDOOFRPSDUHGZLWKWKDWLQWKH30H[FLWHG
7DEOHVKRZVWKHDYHUDJHSURSXOVLRQIRUFH,QFUHPHQWRIWKHSURSXOVLRQIRUFHLQWKH30H[FLWHGLVKLJKHUDWODUJHU
ORDG ZHLJKW 7KH UHSXOVLYH IRUFH RI SHUPDQHQW PDJQHW XQGHU WKH ORDG VWDJH DQG D PDJQHWLF UDLO LQFUHDVHV E\ WKH
LQFUHDVLQJORDG$VDUHVXOWODWHUDOIRUFHJHQHUDWHGE\WKHSHUPDQHQWPDJQHWLQFUHDVHVDQGLWFDXVHVODWHUDOLQVWDELOLW\
7KLVIRUFHZRUNVDVWKHGLVWXUEDQFHDJDLQVWSLQQLQJIRUFHIRUOHYLWDWLRQGLUHFWLRQ3URSXOVLRQIRUFHRIORDG) >1@
RI WKH 30 H[FLWHG LV ODUJHU WKDQ ORDG ZHLJKW ) >1@ RI +76&30 H[FLWHG LQ )LJ %XW UXQQLQJ YHORFLW\
FKDUDFWHULVWLFRIORDG) >1@RI+76&30H[FLWHGLVEHWWHUWKDQWKDWRI) >1@RIWKH30H[FLWHGLQ)LJF
$OWKRXJK WKH PD[LPXP SURSXOVLRQ IRUFH RI WKH 30 H[FLWHG LV ODUJH DYHUDJH SURSXOVLRQ IRUFH DW ORDG ZHLJKW )
 >1@RI WKH LPSURYHG+76&30H[FLWHG LV ODUJHU7KLV LVEHFDXVH WKH LPSURYHG+76&30H[FLWHGKDVDZLGH
HIIHFW UDQJHE\ WKHHOHFWURPDJQHWH[FLWDWLRQ7KHUHIRUH UXQQLQJYHORFLW\FKDUDFWHULVWLF LVEHWWHU WKDQ WKDWRI WKH30
H[FLWHG7KHDFFHOHUDWLRQRIFDUULHUDWDORZYHORFLW\LVODUJHUWKDQWKDWDWDKLJKYHORFLW\,QDKLJKYHORFLW\UHJLRQWKH
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3HUPDQHWPDJQHWH[FLWHG ,PSURYHG+76&30H[FLWHG
  
  
  
$YHUDJHSURSXOVLRQIRUFH>1@ORDG>1@
UHDFWLRQWLPHRIWKHSKRWRVHQVRUEHFRPHVVKRUWDQGH[FLWDWLRQWLPHRIWKHHOHFWURPDJQHWEHFRPHVVKRUW7KHIOX[RI
WKHSURSXOVLRQPDJQHW LQIOXHQFHVRQ WKH+76&RQ WKH FDUULHU%XW YHUWLFDO GLVSODFHPHQW RI WKH FDUULHU LV OLWWOH DQG
LQIOXHQFHRIWKHSURSXOVLRQFRLOVRQWKH+76&LVVKRZQWREHOLWWOH

7DEOH$YHUDJHWKHSURSXOVLRQIRUFHRIDSHULRG

D/RDG) >1@E/RDG) >1@
F/RDG) >1@
)LJ5XQQLQJYHORFLW\FKDUDFWHULVWLFV
4. Conclusion 
3URSXOVLRQ PHWKRG RI WKH +76&SHUPDQHQW PDJQHW PDJQHWLFDOO\ OHYLWDWHG V\VWHP LV VWXGLHG ,Q WKH SUHYLRXV
UHVHDUFKWKHPHWKRGXVLQJWKHSLQQHGIOX[RIWKH+76&GLGQRWZRUNZHOO7KHLPSURYHG+76&30H[FLWHGPHWKRG
ZKLFK XVHV WKH SULQFLSOH RI WKH OLQHDU VWHSPRWRU LV LQWURGXFHG WR LPSURYH SURSXOVLRQ FKDUDFWHULVWLFV$OWKRXJK WKH
H[FLWHGFRLOIRUSURSXOVLRQEHFRPHVVPDOOHUWKDQWKDWRIWKHSUHYLRXVRQHLWVKRZVODUJHUSURSXOVLRQIRUFHDQGEHWWHU
UXQQLQJFKDUDFWHULVWLFV$QGLQIOXHQFHRIWKHLPSURYHGSURSXOVLRQV\VWHPRQWKH+76&RQWKHFDUULHULVVKRZQWREH
OLWWOH 7KH LPSURYHG +76&30 H[FLWHG PHWKRG QHHGV OHVV HOHFWULF SRZHU WKDQ WKH FRQYHQWLRQDO RQH 7KH RSWLPDO
SRVLWLRQRIWKH+76&DQGWKHSHUPDQHQWPDJQHWLVFRQVLGHUHGIRUIXUWKHUUHVHDUFK
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